Abstract-The purpose of this paper is to characterize the performance of a novel dual-stator six-slot four-pole (6/4) flux-switching permanent magnet (FSPM) machine. The proposed dual-stator 6/4 FSPM machine topology eliminates even-order harmonics in the flux linkage and back-electromotive force, which exist in the conventional single-stator single-rotor topology. The resulting backelectromotive forces of the proposed dual-stator machine are balanced and sinusoidal waveforms. Design principles including sizing equations for the machine are studied based on the flux linkage harmonic contents and generalized sizing laws. The performance characterization is studied for two possible topology variations of the dual-stator structure. A design for a 30-kW traction application is investigated to demonstrate good constant power operation capability. The low fundamental frequency requirement of the dual-stator 6/4 FSPM machine is beneficial to the reduction of iron loss at high-speed conditions. High efficiency is achieved for the majority of the speed range, particularly at the high-speed regions.
I. INTRODUCTION
T HE flux-switching permanent magnet (FSPM) machines are currently receiving increasing attention due to their desirable property of having high torque density while also placing permanent magnets in the stator instead of rotor [1] - [8] . There are broad spectrums of applications, particularly for the traction drive, where the FSPM machine can be used [9] - [11] . The rotor of an FSPM machine is similarly simple and robust as that of a switched reluctance machine. There is no magnet containment issue when the rotor spins, and the thermal stability for the magnets is better compared to the other topologies since cooling the magnets is much easier when they are on the stator. These inherent properties make FSPM machine a promising candidate for traction applications that require high-speed operation. High-speed electric machines have the benefits of reduced weight and size, and they are becoming more widely researched and applied [12] , [13] . For a given rated speed, the fundamental frequency is directly proportional to the number of rotor poles. Typically, low-pole configurations are favored to minimize the fundamental operating frequency and losses. Therefore, investigating viable low-pole topologies of FSPM machines for traction application is a reasonable research objective. The 12/10 FSPM machine topology is well documented in research, but it requires very high fundamental frequency in the high-speed operating regions for traction motors [14] . However, prior research studies show that low-pole FSPM machines of smaller than ten poles, especially the topologies with six stator slots, have either unbalanced magnetic forces or unbalanced back-EMF [15] - [17] . In this paper, the attention is focused on the six-slot four-pole (6/4) FSPM machine whose fundamental frequency is minimized and the unbalanced magnetic forces are absent, as shown in the prediction in [17] . However, the conventional 6/4 FSPM machine is not desirable to use because of the severely unbalanced back-electromotive (EMF) from the presence of large second-order harmonic in the flux linkage [18] . To solve this issue, a novel dual-stator 6/4 FSPM machine was proposed and its open-circuit performance was evaluated by finite-element analysis in [19] . It was established that the dualstator design on 6/4 FSPM machine eliminates all the even-order harmonics in the flux linkage to achieve balanced back-EMF waveforms with less harmonic distortion.
This paper aims to investigate the design and performance of the proposed novel dual-stator 6/4 FSPM machine especially for traction applications. The principles of design and the sizing equations are discussed in Section II. There are two topologies of the dual-stator structure that are studied in this paper. A lowpower dual-stator machine using the first topology is characterized for its performance including the sinusoidal flux linkage and back-EMF, electromagnetic torque, airgap flux density, inductance, and rotor forces in Section III. Loss characterization including copper loss, iron loss, and magnet eddy current loss for the low-power machine is studied in Section IV. A highpower design for traction application using the second topology is investigated in Section V. The machine is designed to target a continuous power of 30-kW up to a top speed of 15 000 r/min. The dual-stator 6/4 FSPM machine demonstrates wide constant power operation capability. Due to the minimum fundamental frequency needed by the proposed machine, the iron loss and magnet eddy current loss are low at high-speed conditions so that high efficiency at high-speed regions is achieved. Finally, conclusions are drawn in Section VI.
II. PRINCIPLES OF DESIGN

A. Topology Configuration
The proposed dual-stator 6/4 FSPM machine contains two stators, one rotor, and two sets of windings that wrap around each corresponding stator, as shown in Fig. 1 . The increased construction complexity is justified by the significantly improved winding flux linkage waveform with much lower harmonic distortion achieved by the even harmonic elimination effects [19] . The cross-sectional views of the front and rear stator winding connections and magnet orientations are provided in Fig. 2 . The magnet directions in both stators are the same, while the winding connections are opposite. As shown in Fig. 3 , windings in a single stator only produce flux linkage (Coil A1 + A2) with nonsinusoidal shape, which has nontrivial even harmonic contents. Windings in another stator produce flux linkage (Coil A3 + A4) that has a complementary shape to the first stator, so all the even harmonics are canceled and the resultant total flux linkage is a balanced sinusoidal shape. The windings in two stators are connected in series at the terminal so that only one inverter is needed for operation.
Rotor poles in the front portion are offset by 45°mechan-ically with respect to the rear poles. There is a gap clearance provided between two stators simply to accommodate the end There is another topology of the dual-stator structure that achieves the same even harmonic elimination effect. The winding directions in two stators are the same, but the magnet orientations in two stators are opposite. The advantage of this configuration is that only one winding coil is needed to wrap around two stators together so that end windings between stators are reduced. There is still a need to provide an appropriate gap distance between two stators to prevent magnet flux shunting in the axial direction through the highly permeable steel. It is simpler to study the flux linkage just in one stator winding first. The key parameters for the dual-stator machine are derived below.
B. Flux Linkage per Phase
The even harmonics are canceled in the total flux linkage, but they still exist in each individual coil with the second order being the dominant component. The flux linkage in each coil of the proposed dual-stator machine can be reasonably approximated as the summation of fundamental component and second-order harmonic component, since the magnitudes of higher order harmonics are negligible [18] , [19] . The flux linkage of one coil as a function of rotor position is shown in Fig. 4 for half an electric cycle. Five key rotor positions 
The maximum flux linkage for a particular coil winding is physically achieved when one of the rotor teeth faces exactly one stator tooth, which is enclosed by that phase coil. For example, phase-A, the position shown in Fig. 5 , achieves maximum positive flux linkage corresponding to the rotor angle θ max . The flux that links phase-A coil is marked by solid red lines, and it has two paths. The first path is the main flux and it follows a path via the stator core directly. The second path is the leakage flux that circles in the air around the outer periphery of the magnets and then returns to the stator core to join the main flux path, as in Fig. 5 . The leakage flux that does not link phase-A coils is marked by dotted blue lines.
Given the flux path illustration for a single-phase winding, it is now reasonable to calculate the maximum flux per phase winding per stator at rotor position θ max as
where N t is the number of turns connected in series per phase per stator, B g,pk is the peak airgap flux density in between the aligned stator tooth and rotor tooth, K m is the ratio of linkage flux over the summation of main flux and leakage flux, K t is the stator tooth width ratio defined by the ratio of stator tooth width over stator pole pitch width, D is is the stator inner diameter, N s is the number of stator slots, N r is the number of rotor poles, and L e,1/2 is the effective length for one stator only.
The fundamental flux linkage λ 1 is calculated by scaling the maximum flux linkage λ max by K fund as
where K fund is the fundamental coefficient defined by the ratio of fundamental flux linkage over the maximum flux linkage. It is calculated as
Substituting (4) into (3), the fundamental component of the flux linkage in a single stator winding can be calculated. The total fundamental flux linkage per phase of the dual-stator machine is obtained by doubling the value of λ 1 as
where L e is the summation of two effective stator lengths that is equal to 2L e,1/2 . It is important to notice that L e does not include the length of the physical gap between two stators.
C. Back-EMF Per Phase
The fundamental component of the flux linkage is calculated previously, so the peak value of the fundamental back-EMF is derived as
Due to the even-order harmonic cancellation in the back-EMF, there will be remaining low-order odd harmonics of small magnitudes. However, their effects in power production are essentially negligible compared to the fundamental component. Therefore, the output power can be reasonably approximated as only considering the fundamental back-EMF.
D. Output Power and Torque Equation
The general sizing equation for synchronous machines states that the output power is calculated as the multiplication of peak EMF E pk1 , peak current I pk , power waveform factor K p , number of phases m, and the efficiency η as [20] 
The dual-stator 6/4 FSPM machine has negligible saliency so that it is assumed that all torque is produced by magnet torque and there is negligible reluctance torque. The back-EMF space vector is in-phase with phase current vector, so the power waveform coefficient becomes 0.5 in the equation. When the electrical loading A s,rms is given, peak phase current magnitude is calculated as Substitution of the peak back-EMF value and peak current value into (7) yields the output power equation of the dual-stator 6/4 FSPM machine
The output torque is calculated as
The above equation shows that in order to increase the output torque, not only should the magnetic loading (B g,pk ) and electrical loading (A s,rms ) be increased, but the magnetizing coefficient (K m ) and fundamental coefficient (K fund ) should also be increased.
The ratio of second-order harmonic over fundamental component (k) is related to the torque production. The normalized per-unit torque as a function of k is plotted in Fig. 6 . It shows that the lower the value of k, the higher the output torque. The torque is maximized when there is no second-order component in each individual coil, which is an ideal case. From the machine design perspective, the second-order harmonic needs to be reduced to increase the torque. Meanwhile, the leakage flux shown in dotted blue lines in Fig. 5 should be minimized if possible.
Typical values of the parameters in the sizing equations are tabulated in Table I for a 1.5-kW 1,800 r/min dual-stator FSPM machine design. Key dimensions and excitation parameters are calculated. It should be noted that this design is not optimized. The finite element analysis (FEA) study in the later section utilizes those design values to evaluate the machine performance.
III. PERFORMANCE CHARACTERIZATION
The proposed dual-stator 6/4 FSPM machine is shown to achieve sinusoidal flux linkage and back-EMF, which is not the case for the conventional 6/4 FSPM machine [18] , [19] . Due to the structure of the two stators, the whole machine model is simulated by 3-D FEA to characterize the machine properties. The performance of the proposed machine at both open-circuit and loaded conditions is studied and compared in this section. Prop- 
erties such as flux linkage, electromagnetic torque, inductance, and rotor forces are evaluated here.
A. Flux Linkage
The proposed machine is designed with the dimensions shown in Table I . At open-circuit condition, the flux linkage is calculated to be a sinusoidal waveform as expected. The rated condition is reached by applying a phase current of 7. 
B. Terminal Voltage
The terminal voltage at open-circuit condition (back-EMF) is compared at rated condition in Fig. 9 . The voltage waveform at rated condition has a phase advance angle of 21°electrically, so the calculated power factor is 0.934. By using FFT analysis, the harmonic spectrum of the voltage in Fig. 10 shows that the fundamental component is increased, and the low-order odd harmonics are amplified by the frequency. The calculated THD for the back-EMF and the rated terminal voltage is 9.2% and 9.8%, respectively. It is observed that the harmonic distribution at rated condition matches closely with the open-circuit condition. To further reduce the THD of the terminal voltage, the low-order harmonics need to be minimized in the back-EMF waveform. 
C. Electromagnetic Torque
The cogging torque of the design is calculated in Fig. 11 , and it has a magnitude of 1.1 Nm with six cogging periods per electric cycle. When the machine is loaded with rated and 50% rated current, the electromagnetic torque is calculated to have an average value of 7.23 and 3.63 Nm with torque ripple amplitude of 1.5 and 1.2 Nm, respectively, as plotted in Fig. 12 . Low-pole permanent magnet (PM) machines generally produce higher cogging torque and ripple torque due to the small common multiplier of the number of rotor poles and stator slots. The produced average torque has a linear relation with the applied current shown in Fig. 13 .
D. Airgap Flux Density
The magnetic loading of the electric machine is represented by the radial component of the airgap flux density. It is inter- esting to study the influence of end effects to the airgap flux density. Therefore, three planes in the front stator marked by A, B, and C that are perpendicular to the rotational axis are chosen as shown in Fig. 14 . The radial component of airgap flux density at no load and rated condition is plotted in Figs. 15 and 16 . It is noted that the peak airgap flux density is reduced due to the end effect. Magnetic loading in a single stator is calculated from plane A to plane C in Fig. 17 , and it drops from 1.5 T in plane B to 1.0 T at plane A and C. The magnetic loading is not very high due to the 1-mm airgap length chosen in this design, but it can be increased by having a smaller airgap length. 
E. Inductance
The calculated d and q instantaneous inductances for the designed machine are shown in Fig. 18 for one electric cycle. It is noted that there is a limited saliency for the designed machine, which is consistent with the other FSPM machine designs. The calculated average L d is 4.3 mH and L q is 3.9 mH. When the base voltage and current are chosen as rated values of 66 V rms and 7.8 A rms , the base impedance is calculated as 8.46 Ω. Thus, the per unit value of L d and L q is 0.383 and 0.348, respectively, which confirms the assumption that there is negligible saliency.
F. Rotor Magnetic Force
The radial force of the rotor needs to be evaluated since it may result in vibration and noise if the amplitude is too large. The proposed dual-stator structure has an even number of rotor poles in both parts, so the radial force produced in each rotor pole is compensated by the opposing rotor pole. The FEA results show that the net force in the whole rotor is below 1 N in all directions both under no load and rated conditions shown in Fig. 19 . This small net force on the rotor is beneficial for reducing the mechanical stress on the shaft and extending the life of the bearings.
IV. LOSS ANALYSIS
A. Copper Loss and Iron Loss
The proposed machine has separated stators where two sets of end windings exist. The additional resistance increase from the end winding between the two stators and its effects need to be evaluated. A single-slot area of the designed machine is 302 mm 2 . If the slot fill factor is about 50%, wire gauge #17 can be used when the number of turns per coil is designed as 60.
The total effective resistance per phase winding that does not consider the end winding resistance is calculated as 0.33 Ω. The total end winding resistance per phase alone is calculated as 0.41 Ω. Thus, the total phase winding resistance is 0.74 Ω. The additional end winding resistance between two stators is 0.21 Ω. This amount of resistance contributes to 38 W of copper loss increase at rated condition. The total copper loss for the dual-stator machine is 135 W.
Iron loss is proportional to the operating frequency and frequency squared for hysteresis and eddy current losses, respectively. The proposed machine has 60% reduction of the fundamental frequency compared to a ten-pole design. The calculated iron loss density at rated condition is shown in Fig. 20 for rotor and stator separately. The iron loss in the stator and rotor is calculated as 16 and 15 W, respectively. It is noted that the total iron loss is evenly distributed between stator and rotor. The maximum iron loss density is achieved at the tips of the rotor poles where high-density bidirectional magnetic flux occurs. The lamination thickness used in the design is 
B. Magnet Eddy Current Loss
The permanent magnets used in the design are NdFeB magnets with a remnant flux density of 1.2 T. The permanent magnets are not segmented in either direction in each stator. To evaluate the permanent magnet operating points at rated condition, five key positions in the magnets are probed to show the magnetic flux pulsations during one electric cycle, which is plotted in Fig. 21 . It is observed that due to the thick magnets required in this design compared to higher pole options, the whole magnet operates well above the demagnetization knee point. Thus, the demagnetization risk for the design is much lower compared with higher pole designs where magnets are much thinner. The magnet eddy current loss density distribution at one particular time instant is drawn in Fig. 22 . The maximum loss density focuses on the two ends of the permanent magnets. Calculated total magnet eddy current loss is 10.4 W. Results for various losses are shown together in Table II . Axial segmentations can be implemented to reduce the magnet loss, if needed.
V. DESIGN AND PERFORMANCE FOR TRACTION APPLICATION
The proposed dual-stator 6/4 FSPM machine is suitable of designing for traction applications. The motivation of using such a low-pole topology is to reduce the associated high-frequency losses and increase the machine efficiency. The inverter only needs to provide 40% of the fundamental frequency as that of the 12/10 topology, so the reduction of switching frequency reduces the switching losses and increases the system efficiency. An alternative topology of the dual-stator 6/4 FSPM machine described earlier is used in this traction application design. The key feature of this alternative topology is that it uses windings that wrap across two stators so that end windings between two stators are reduced, and the direction of the permanent magnets should be opposite in two stators. Since the traction machine has a large diameter over axial length ratio, this configuration can reduce the distance between two stators and yield a more compact machine. The two stators are designed with a 30 mm gap distance between each other. This gap is to provide sufficient reluctance to the magnetic path and prevent permanent magnets shunting in the axial direction.
The final design is shown in Fig. 23 with flux density distribution at open-circuit condition. Table III summarizes the dimensions and key parameters of the designed machine. The total active mass of the machine is 34.6 kg. The designed machine demonstrates desirable flux weakening capability since the characteristic current (212 A rms ) is very close to the rated current (206 A rms ) . The open-circuit phase back-EMF waveform at 3000 r/min shown in Fig. 24 has a fundamental value of 67.8 V rms with a THD of 10.5%. The relation of fundamental back-EMF to the rotor speed in Fig. 25 demonstrates that the phase back-EMF at 100% maximum speed (15,000 r/min) will be 339 V rms . The output torque relation to the phase current is calculated in Fig. 26 . The torque-current relation remains linear for most of the operating regions. When the current is high enough, the lamination steels become more saturated especially in the tips of stator teeth. The constant power operation capability of the proposed machine is studied and 30-kW continuous output power is maintained throughout the speed range as shown in Fig. 27 . This is to prove the excellent flux weakening capability predicted earlier. Fig. 28 shows the current and voltage relations to the rotor speed. The phase current angle of the machine is progressively advanced at higher speeds to increase the magnitude of I d and counteract the field generated by the permanent magnet. Total phase current has a continuous current density of below 10 A rms /mm 2 at high-speed region. This modest current density is designed to ensure that cooling of the machine has sufficient margins to deal with the overload conditions.
The design of stator lamination structure went through an optimization process to maximize the average output torque for the given constraints. Stator tooth tips in the airgap side as shown in Fig. 29 are introduced to suppress the cogging torque with only minor reduction of average torque. As identified in the loss study section, the permanent magnet eddy current loss concen- trates on the two end parts in the radial direction. The shape of permanent magnets in this traction design is cut at the two ends to reduce the magnet loss. The grade of the permanent magnet used is N35SH. Both the stator and rotor steel laminations use 20JNEH1200 with a lamination thickness of 0.2 mm.
The segregation of various loss components at the constant power operating region is shown in Fig. 30 . It is observed that the copper loss accounts for a large percentage of total loss in the low and medium speed region. This is partly due to the increased phase winding resistances from the additional gap between the stators. The stator and rotor iron loss are relatively low across the whole speed range. This is mainly due to the low fundamental frequency benefits of the 6/4 topology. The maximum fundamental frequency is 1 kHz at 15 000 r/min, whereas it is 2.5 kHz for the 12/10 configuration at the same speed. The reduction of iron loss is also caused by the thin gauge lamination material used in the design.
The magnets are naturally segmented by two axial pieces as a direct outcome of dual-stator structure. Magnet eddy current loss is further reduced by using axial segmentations in each stator. The reduced loss generated by the permanent magnets protects them from the risks of thermal demagnetization.
The total efficiency of the dual-stator 6/4 traction machine is higher than 95% for the medium speed range at 30-kW output power shown in Fig. 31 . High-pole FSPM machines have large iron loss at high-speed conditions which penalize the efficiency. The high efficiency of the dual-stator 6/4 machine particularly at high-speed conditions is achieved mainly due to the reduction of iron losses.
VI. CONCLUSION
This paper has investigated a novel dual-stator 6/4 FSPM machine. The principle of design is elaborated, and the sizing equations are derived and verified by FEA results. The performance of both a low-power motor and a high-power traction motor are characterized. The dual-stator 6/4 FSPM machine designed for traction application is demonstrated for its wide constant power speed operation capability and highefficiency property. Key research findings are summarized as follows.
1) The proposed novel dual-stator 6/4 FSPM topology has balanced sinusoidal flux linkage and back-EMF waveforms unlike the conventional 6/4 FSPM machine design. This is realized by the dual-stator structure where the even harmonics in the total winding are eliminated. 2) The proposed dual-stator 6/4 FSPM topology has the minimum fundamental frequency requirement for a threephase flux-switching topology. Its fundamental frequency is only 40% of that in the 12/10 FSPM topology. 3) The low fundamental frequency requirement of the dualstator 6/4 FSPM machine is beneficial for the reduction of high-frequency losses at high-speed conditions. It is also beneficial to reducing the switching frequency and switching loss of the power electronic devices. 4) There is essentially no rotor unbalanced magnetic force due to the even number of poles. This is desirable to the reduction of noise and vibration and extend the life of bearings. 5) The dual-stator 6/4 FSPM machine can be configured in two topologies discussed in this paper. The first topology has seperated windings in each individual stator, while the second topology has windings wrapping around two stators but require the change of the direction of permanent magnets. 6) The dual-stator 6/4 FSPM machine is suitable for traction application. A design with a continuous power of 30-kW and wide constant power operation range up to 15 000 r/min is demonstrated.
7) The iron loss of the dual-stator 6/4 traction machine is low at high-speed conditions. The design is able to offer above 95% efficiency in the medium speed range of the constant power operating region.
